Graphene is an ideal reinforcement material for metal-matrix composites owing to its exceptional mechanical properties. However, as a 2D layered material, graphene shows highly anisotropic behavior, which greatly affects the mechanical properties of graphene-based composites. In this study, the interaction between an edge dislocation (b = 1/2 (111)) and a pair of graphene nanosheets (GNSs) in GNS reinforced iron matrix composite (GNS/Fe) was investigated using molecular dynamic simulations under simple shearing conditions. We studied the cases wherein the GNS pair was parallel to the (110), (112), and (111) planes, respectively. The results showed that the GNS reinforcement can effectively hinder dislocation motion, which improves the yield strength. The interaction between the edge dislocation and the GNS pair parallel to the (112) plane showed the strongest effect of blocking dislocations among the three cases, resulting in increases in the shear modulus and yield stress of 107% and 1400%, respectively. This remarkable enhancement was attributed to the Orowan "by-passing" strengthening mechanism, whereas cross-slip of dislocation segments was observed during looping around GNSs. Our results might contribute to the development of high-strength iron matrix composites.
Introduction
Graphene was firstly fabricated and identified as a single 2D carbon sheet with the same structure as individual layers of graphite by Novoselov and Geim in 2004 [1] . Graphene comprises a monolayer of carbon atoms arranged in a hexagonal lattice. It is an extremely stiff material with an intrinsic strength of 130 GPa and Young's modulus of 1.0 TPa [2] and many other excellent physical and chemical properties [3, 4] . These features make it attractive to be used in a vast number of applications. In particular, graphene has great potential to be used as a reinforcement material for enhancing the strength of graphene-based composites [5, 6] .
Many previous studies have focused on designing and fabricating new graphene reinforced metal matrix composites, including aluminum [7] [8] [9] , copper [10, 11] , magnesium [12] , and nickel matrix composites [13, 14] . In most cases, it was observed that the mechanical properties were significantly enhanced, even with the addition of a very small amount of graphene. The tensile strength of a 0.3 wt % graphene nanosheet (GNS)-reinforced Al composite increased by 62% compared with that of the unreinforced matrix [9] . The elastic modulus and yield strength of graphene/copper nanocomposites containing 2.5 vol % reduced graphene oxide were 131 GPa and 284 MPa, which were 1.3 and 1.8 times higher, respectively, compared with those of pure Cu [11] . Kim et al. synthesized a metal-graphene nanolayered composite and found that the addition of GNS resulted in an ultra-high strength of 4.0 GPa for a graphene/nickel composite [14] . Moreover, the elastic modulus and yield strength of a copper matrix composite reinforced with GNS and Ni nanoparticle hybrids increased 61% and 94%, respectively, compared with the pure matrix, for a GNS content of only 1.0 vol % [15] . As a 2D layered material, graphene shows highly anisotropic behavior, which greatly affects the mechanical properties of graphene-based composites. For example, the microstructures and anisotropic tensile properties of graphene nanoplatelets (GNP) reinforced copper composites with 10 and 20 vol % of GNPs were studied experimentally, where a fairly good GNP alignment was achieved in the composites, leading to the prominent anisotropic mechanical properties with in-plane tensile strength and elongation significantly outperforming through-plane ones [16] .
The exploration of applications of graphene as a reinforcement material is still in its infancy. For example, the effects of graphene reinforcement of iron on the properties of the corresponding composites are not yet well understood. To gain a fundamental understanding the role of graphene in graphene-based metal composites during deformation, the molecular dynamics (MD) method has been widely used in recent years to study strengthening mechanisms at the atomic scale. The MD results showed that graphene effectively blocks dislocation propagation across the graphene-Ni interface [14] . Shi et al. used MD to study the binding, peeling, and folding of graphene on a single crystal Cu surface, where the graphene had the highest binding energy on the Cu (111) surface, followed by the (100), (110), and (112) surfaces [17] . Moreover, Xu and Buehler used density functional theory to study the binding energy, bonding strength, and electronic structure of graphene on the Cu (111) surface [18] . Both studies provided a preliminary understanding of the interfacial mechanical behavior of graphene/Cu nanocomposites. The effect of Ni-coating on the mechanical behaviors of single GNSs and their corresponding Al-matrix composites under axial tension was investigated using MD simulations; the Young's modulus and tensile strength of the Ni-coated graphene/Al composite were clearly higher than those of the composite with uncoated reinforcement and those of the pure matrix material [19] .
There exist a few studies using BCC metal as the matrix in graphene-based composites. The aim of this work is to explore the mechanical behavior of GNS-reinforced BCC iron matrix composites using MD simulations. In practice, the single-layer graphene oxide (GO) reinforced iron matrix nanocomposite has been successfully fabricated using a laser-based additive manufacturing process to sinter GO and iron powders [20] . One of the key factors in increasing the strength of the graphene metal composite is to effectively hinder dislocation motion. Therefore, we will focus on the interaction between an edge dislocation and a pair of single-layer graphene nanosheets (GNSs) located at different crystal planes. The mechanical response of the graphene/Fe composite is investigated during deformation and is discussed with respect to dislocation evolution.
Model Setup and Interatomic Potential
For atomic level understanding of dislocation-GNS interactions, the MD method was employed. For numerical implementation of the MD simulations, we used the large-scale atomic/molecular massively parallel simulator (LAMMPS) software [21] . A schematic diagram of the simulation cell in three dimensions is shown in Figure 1a . The periodic boundary condition was applied to the two in-plane directions (x and y) but not to the out-of-plane direction (z). Two pistons at the top and the bottom of the simulation cell, each consisting of three (110) atom layers, mimicked a large bulk environment. Because the strain (ε yz ) was gradually increased at every integration step, the increment was applied to only the top piston but not the interior of the simulation cell. We introduced an edge dislocation on the shaded (110) plane by removing three adjacent (111) layers of atoms above this (110) glide plane. The Burgers vector was 1/2 (111). The dislocation density in the simulation cell was about 5 × 10 9 /m 2 . The simulation cell was relaxed, where the dimensions were changed to minimize the magnitude of all stress components, according to the Parrinello-Rahman algorithm [22] . We introduced a pair of single-layer GNSs with an area of 8 nm × 5 nm into a BCC α-Fe matrix with a lattice constant of 2.85 Å by removing one layer of Fe atoms in the same area, where the GNS content was 0.7 vol %. The size and volume fraction picked here is not far from reality, which based on the other references, wherein the graphene size was chosen to 2.02 × 4.25 nm 2 for graphene sheet [19] and 4-12 nm for graphene nanoribbons [23] for the MD simulations, and from experimental results, the volume fraction of graphene reinforcement was 1.13 vol % in GO reinforced iron matrix composites [20] and 0.2 vol % in graphene-based Al composites [7] . Comparing the system potential energy values after removing 1-3 layers of iron atoms, the total energy was the lowest when the GNS was added after removing only one layer of iron atoms, associated with the atomic structures, listed in Table 1 . Then, we set up three configurations of the graphene location, normal to the x, y, and z directions, as shown in Figure 1b .
The selection of interatomic potential is a key factor determining the accuracy of MD simulation results. The Brenner second-generation reactive empirical bond-order potential [24, 25] was used to model the C-C bounded interaction, while the Fe-Fe and Fe-C interactions were modeled with the embedded atom potential [26] . The embedded atom potential is described by two terms [27] :
where F α is the embedding energy as a function of the electron density ρ(r ij ) of the atom j, ∅ αβ is a pair potential interaction, and α and β are the element types of atoms i and j, respectively. The C-C AIREBO potential [28] is represented by three terms:
where the E REBO ij term [24] takes the form of the hydrocarbon REBO potential to only describe short-ranged C-C interactions (r < 2 Å), which gives the model reactive capability. The E L−J ij term uses the form of a Lennard-Jones potential for longer-range interactions (2 Å < r < r cutoff ), while the E TORSION kijl term is an explicit 4-body potential that describes various dihedral angle preferences in hydrocarbon configurations. The C-C AIREBO potential has been widely used in MD simulations for graphene-based materials [19, 29] .
Then, we applied a shear strain (ε yz ) with a strain rate of 2.5 × 10 7 /s and kept the temperature at room temperature of 300 K using the Nose-Hoover algorithm [30] . A small and equal strain increment of 1.25 × 10 −4 was applied every 5000-integration step (5 ps). For each strain step, we calculated the stress as the average atomic level viral stress [31] in the dynamic region only (i.e., excluding the piston regions). The common neighbor analysis was used to identify defect atoms [32] , such as dislocation cores and surface atoms, and the OVITO software was used to visualize the atomic structure [33] . The effective stress was calculated using:
where σ xx , σ yy , σ zz , σ xy , σ xz, and σ yz are the six components of an atomic level stress. Here, the molecular static and dynamic simulations with a higher strain rate of 2.5 × 10 8 /s were also tested. In the 2.5 × 10 7 /s case, the yield stress was lower than that in the static case and close to that in the 2.5 × 10 8 /s one. For the same GNS location, dislocation responses in the three cases were very close, which proved that dislocation responses in a lower strain rate case would be the same. 
Results and Discussion
We focused on the stress-strain response of the GNS/Fe composite reinforced by GNS pairs at different location with a GNS content of 0.7 vol % during deformation and observed the dislocation evolution. In particular, we studied the non-isotropic mechanical behavior along three typical directions: the GNS pair parallel to the (110), (112), and (111) planes.
Interaction between the Edge Dislocation and GNS Pair Parallel to the (110) Plane
The stress-strain curves from the MD simulations are shown in Figure 2a for two cases, with and without the GNS pair in the iron matrix. The GNS pairs considered here were parallel to the (110) plane. The red curve corresponds to a single edge dislocation in the iron matrix without GNS reinforcement. The shear modulus was about 56.4 GPa, lower than previous MD results showing 60 GPa [34] , which may be related to different iron potentials or a smaller simulation cell in our case. Dislocation motion needs to overcome the Peierls-Nabarro barrier. In this study, the yield stress for dislocation movement was 110 MPa, which was higher than other previously published potential values of 25 and 90 MPa [34] , and the stress was observed to swing during dislocation motion to overcome the barrier in periodic-arranged crystal lattices. From the stress-strain curve of the GNS/Fe composite with the GNS parallel to the (110) plane, as shown in Figure 2a , we determined shear modulus and yield stress values of 86.6 GPa and 479.9 MPa, respectively, which were an increase of 54% and 336%, respectively, compared to the unreinforced iron. To understand yielding in these materials, we studied dislocation and GNS pair interactions at the atomic level and observed no apparent change in the dislocation morphology (Figure 2b) . The contours of the effective stress (σ) calculated from Equation (3) for the GNS/Fe composite without a dislocation before deformation and with a dislocation during deformation are shown in Figure 2c . It can be seen that after the GNS was embedded into the iron matrix, a local stress field produced by the lattice mismatch of the GNS. As the shearing direction was parallel to the GNS plane, the GNS reinforcement bore some load through interfacial friction, resulting to the increase of yield stress, and the change in the local stress field in the GNS/Fe composite during shearing was also shown in Figure 2c , where the load bearing capability of the GNS reinforcement reached the maximum value at the point A. The strengthening mechanism in this case was mainly load transfer (i.e., direct strengthening) rather than the enhancing matrix (or indirect strengthening).
Interaction between the Edge Dislocation and GNS Pair Parallel to the (112) Plane
From the stress-strain curve of the GNS/Fe composite with the GNS parallel to the (112) plane shown in Figure 3a , it can be seen that there were two different regions: the OA and AE stages. During the OA stage, the dislocation started to move and approached the GNS pair at point A (as shown in Figure 3b ), where the corresponding shear modulus and first yield stress were 108.6 GPa and 836.6 MPa, increases of 93% and 660%, respectively compared to the unreinforced case. After further loading, the stress-strain curve moved to the AE stage and further yielding occurred. Unlike conventional nanoscale ductile metal particles in metal-matrix composites, the stiff GNS cannot be sheared via dislocations, due to the high strength of C-C bonding. The shear modulus and the second yield stress values were 116.7 GPa and 1573.2 MPa, respectively, corresponding to increases of 107% and 1330%, respectively, compared to the non-reinforced case. It can be seen in Figure 3b ,c that the dislocation line partially covered the GNS pair surface at point C. Cross-slip behavior was observed, which cannot occur in edge dislocations. However, when the dislocation line attached the sides of the GNS, it became parallel to the Burgers vector b and screw segments were formed, leading to cross-slip and the second minor yield point. Then, a third yielding occurred with a stress of 1647.3 MPa, where the dislocation de-pinned from the GNS, leaving a loop around the GNS pair surface; this corresponded to point E in Figure 3b ,c. This phenomenon was related to Orowan "by-passing" mechanism. At this point, the depinning stress of the GNS/Fe composite was fourteen times higher than that of unreinforced iron. Our results confirmed that the reinforcement effect of graphene in iron is very effective. After the dislocation bypassed the GNS pair, it continued in forward motion and crossed the periodic boundary, and then approached the GNS pair for the second time. In order to make the dislocation structure clear, we showed the depinned dislocation line in front, rather than crossing the boundary, at point E in Figure 3c .
Interaction with the Edge Dislocation and GNS Pair Parallel to the (111) Plane
The stress-strain curve of the GNS/Fe composite with the GNS parallel to the (111) plane is shown in Figure 4a . Like the former case, this curve also showed two stages: the OA and AC stages. Similar to the previous case, in the OA stage, the dislocation started to move and approach the GNS pair at point A in Figure 4b . The shear modulus and first yield stress were 71.1 GPa and 170.5 MPa, respectively, corresponding to increases of 26% and 55%, respectively, compared to those of the unreinforced iron. After further loading, the stress-strain curve moved into the AC stage and further yielding occurred. The shear modulus and second yield stress (depinning stress) were 103.3 GPa and 1401 MPa, corresponding to increases of 83% and 1173%, respectively compared to the non-reinforced case. The Orowan "by-passing" interaction mechanism was still relevant at point C in Figure 4b ,c. No cross-slip of the dislocation was observed due to the lack of screw segments. However, dislocation climbing was observed in the dislocation loop around the GNS, which may have been caused by stress concentration around the GNS. Furthermore, as the length of the dislocation loop in this case was about 10 nm (i.e., two times the 5 nm width of the GNSs), which was shorter than that of 26 nm (i.e., two times the GNS pair interspacing of 5 nm and GNS width of 8 nm) in the GNS//(112) case, the corresponding depinning stress was lower in the latter case. It is clear that the GNS pair provided an efficient barrier to dislocation motion in the GNS/Fe composite. This dislocation strengthening mechanism was anisotropic. Comparing the MD results for the three GNS pair locations listed in Table 2 , the interaction of the edge dislocation and GNS pair parallel to the (112) plane had the strongest blocking effect, resulting in an ultra-high strength of the graphene/Fe composite of 1647.3 MPa, which was about 14 times higher than that of the unreinforced case. The lowest reinforcement behavior was observed for the GNS placed along the (110) plane. The average value of the depinning stress of all the samples herein was 1176 MPa. Our results provide a first approximation of the reinforcement behavior of graphene in iron or steel composites. One might expect that a higher concentration of graphene further increases the dislocation migration barrier crossing the graphene. Our results qualitatively agree with previous studies of other particle-reinforced metal-matrix composites, such as SiCp/Cu [35] . While using GNS to enhance the mechanical properties of the iron matrix has demonstrated great success, further research is necessary. It is expected that the level of enhancement could be further increased by optimizing the size, volume fraction, and orientation of graphene-based reinforcement materials. Furthermore, the simulated yield or depinning stress of the GNS/Fe composites with respect to the GNS location may also be regarded as a critical stress, which could be used as input parameters for a large-scale model. Similar strategy has been used successfully in [36] , where dislocation-precipitate interactions in Fe was studied by multiscale modeling and the parameters used in the discrete dislocation dynamics simulations for the dislocation mobility, shear modulus, and dislocation core energy were obtained from MD simulations.
Conclusions
We investigated the interaction of an edge dislocation with a pair of GNSs in graphene/Fe composites using MD simulations and have drawn the following conclusions.
1.
It is clear that the GNSs provide an efficient barrier to dislocation motion in the GNS/Fe composite.
2.
When the GNS was parallel to the (110) plane, the shear modulus and yield stress was 86.6 GPa and 479.9 MPa, an increase of 54% and 336%, respectively, compared to the unreinforced matrix.
3.
When the GNS was parallel to the (112) plane, the shear modulus and yield stress for the dislocation-GNS interaction was 116.7 GPa and 1647.3 MPa, an increase of 107% and 1400%, respectively, compared to the unreinforced case, where the Orowan "by-passing" strengthening mechanism was observed.
4.
When the GNS was parallel to the (111) plane, the shear modulus and yield stress for the interaction were 103.3 GPa and 1401 MPa, an increase of 83% and 1173%, respectively, compared to the unreinforced iron. The Orowan "by-passing" mechanism was also observed.
5.
Comparing the mechanical behavior of the iron matrix composite reinforced by GNS pairs located at different places in the iron matrix, the interaction of the edge dislocation and GNS pair parallel to the (112) plane had the strongest blockage effect, resulting in an ultra-high strength of the respective graphene/Fe composite.
